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Abstract— Any electric or electronic equipment sold within the 
European Union has to comply with the EC Directive on 
Electromagnetic Compatibility (EMC). To achieve compliance, 
the equipment must be tested for radiated/conducted emissions 
and immunity. A wide range of national and international testing 
methods and standards are in force such as the IEC 61000-40-20 
[1]. However, standards in general lack of describing testing 
methods for equipment with cables. Since most devices and 
systems contain leads and cables; the current standards cannot 
be directly employed.  In an effort to approach this crucial 
matter, we present the outcomes of measurements conducted on 
an EUT (metal box) with different cable bundle configurations, 
in conjunction with both, the correlation algorithm given in the 
standards and the repeatability concerns between different 
GTEM cells.  
I. INTRODUCTION 
There is an apparent lack of standards describing test 
methods for equipment with cables. The main standards, IEC 
61000-4-20 [1] for example, explicitly exclude equipment 
with external cables. Other standards, like the CISPR 16 and 
CISPR 22 series [2] [3], include procedures for cable layouts, 
but these are restricted to specific applications and only valid 
for a limited frequency range (up to 1 GHz). In the absence of 
regulations, most of EMC test laboratories would either have 
their own in-house scenarios or would consider the worst test 
configuration setup and as a result, repeatability in most cases 
is unattainable. Therefore, there is a strong demand from 
industry to improve on repeatability of emission and immunity 
measurement results by engaging in studies of cable and 
bundling effects in GTEM cells [1-5].The need to establish 
more scientifically sound techniques for testing of equipment 
with cables is not only essential but will also aid in comparing 
measurement outcomes of different environments to those 
obtained in GTEM cells. For this purpose, a number of cable 
bundles have been considered and measured in two different 
GTEM cells in order to provide an insight into the effects of 
cable bundles and their repeatability’s in different cells. The 
latter is another important topic that has rarely been addressed 
in the literature. Different and even similar size GTEM cells 
of the same manufacture can perform differently due to their 
alterable physical construction nature and therefore parts of 
this paper are devoted to this topic. 
This paper is organized as follows; section II depicts on 
important GTEM characterisation methods; section III 
expounds on cable routing and testing procedures; and section 
IV presents some measurements precautions and outcomes of 
experiments conducted in two different GTEM cells which are 
referred here as to  the George Green’s cell (GG) and the 
National Physics Laboratory cell (NPL). The frequencies 
investigated range from 30MHz to 2GHz. 
II. CHARACTERIZATION OF GTEM CELLS 
As with any RF testing facility, it’s rather important to 
characterize the GTEM cell prior to any measurements to 
certify the validity of the recorded data and to ensure 
reasonable levels of accuracy.  There are three important 
parameters of a GTEM cell operation that ought to be 
controlled and checked periodically. These are, firstly; the 
constant characteristic impedance throughout its length which 
is expected to be 50 +/- 2 . This is usually measured using a 
Time-Domain-Reflectometry technique which is also used for 
locating any impedance mismatches across the cell’s length.  
Secondly, the cells reflections at the input port which are 
often ignored (also known as the return loss S11), ought to be 
below -20dB (equivalent to a VSWR value of 1.22) across the 
frequency range of interest. The GTEM consists of a two 
termination modes; one is for the surface currents terminated 
by a 50 resistor network and another is for the RF fields 
terminated by a wideband pyramidal absorber. Any defects in 
these termination modes can lead to significant effects on the 
cell’s response and the measurement system dynamic range. 
Additionally, any changes in the GTEM geometrical structure 
(and consequently its characteristic impedance) or the 
existence of any obstacles within the cell (such as ropes or 
supporting objects) could easily disturb the propagating fields 
and the cell’s reflections particularly at high frequencies. 
Therefore, when using GTEM cells it’s extremely vital to 
ensure what is measured is purely due to the EUT’s response 
and not due to a contribution from the cell itself. The obtained 
S11 responses of GG and NPL’s GTEM cells are shown in Fig. 
1. Strong peaks are observed below 200MHz. These are 
mainly due to the crossover region from the current to the 
wave termination whereby at these intermediate frequencies, 
both terminators are not completely effective [6]. Such 
frequencies are referred to as the characteristic frequencies of 
the cell. The difference in their values between the two cells is 
mainly down to the quality and size of the RF pyramidal 
absorbers. Further away from the characteristic frequency, 
S11 peaks tend to occur at 2λ  intervals. 
 Thirdly, the dominance of the primary (vertical) electrical 
field component and its uniformity within the working volume 
of the GTEM cell; verification methods and processes can be 
found in [1].    
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Fig. 1 Reflection losses (S11) of GG & NPL cells 
 
III. TEST PROCEDURES AND CABLE ROUTING 
The available standards and technical literature contain a 
very small number of publications that describe testing 
methods for equipments with cables. In general, cable 
manipulations in GTEM cells were found to have significant 
contributions to discrepancies between measurement results 
and have deemed to be impractical in a number of 
publications [7-10]. 
Measurement procedures in the current standards are 
available only for EUT devices without cables. The 
procedures involve rotations of the orthogonal positions by 
which three orientations of the EUT radiated voltage 
emissions would be measured individually. The total radiated 
power is theoretically depicted by means of a dipole 
positioned above a perfectly conducting ground plane using 
correlation routines [4] of the three voltage measurements. In 
the case of cables with excess lengths (more than 0.8m), the 
given guidelines [1-3] suggests not to place them underneath 
or on top of the EUT. Instead, they ought to be bundled in a 
serpentine fashion at the approximate centre of the cable.  
 
 
Fig. 2 Cable bundles  
 
Hereby we present a number of bundles proposed for this 
purpose. These are, namely, the Coil bundle which is simply a 
circular loop antenna in the form of a compact helix. The In-
Line Twisted bundle which is an elliptical loop twisted at the 
centre forming the shape of two attached adjacent pair of 
equal size ellipses. Most of today’s equipments have their 
cables bundled in a very similar way prior to shipment.  The 
Reversed Twisted bundle [11] is very similar to the In-Line 
Twisted bundle, however it’s constructed in a manner 
whereby current flows are mostly in opposite directions in 
order to minimize any emissions.  These bundles are shown in 
Fig. 2. The focus here is being made primarily on bundles that 
could be potentially positioned between the EUT and the 
GTEM ground floor within the useable test volume of the cell. 
Otherwise, cable configurations outside this area or any floor-
based bundles are most likely to cause repeatability errors and 
hence have not been hereby investigated.   
IV. MEASUREMENTS AND PRECAUTIONS  
A. GTEM Field Factor 
Assuming TEM is the main mode of propagation, the 
primary field component sought after in the GTEM cell is the 
vertical y-component, which when divided by the square-root 
of the input power (at the GTEM’s port) is known as the field 
factor used in correlation algorithms as a method of data 
normalization [1] [4]. The value of this factor is in fact a 
function of frequency and cell geometry which will differ 
significantly from one cell to another due to imperfections in 
the cell’s construction and to the different termination 
characteristics used for both, the RF fields and surface 
currents. This is evidently observed from the different returns 
losses of the two cells in Fig. 1.  The field factor must be 
measured or alternatively found using the analytical method in 
[1] [4]. However, the latter method is frequency-independent 
and is only valid for a uniform cross section structure, 
whereas the TEM mode in the tapered GTEM cell is mostly 
spherical. The analytical method also does not take into 
account the height of the EUT’s position above the ground 
floor which will certainly differ from one to cell to another.  
Fig. 3 illustrates the error between the two methods; variations 
to the calculated field factor values can be as high as 5dB.  
The frequency dependency of field factor is also clearly 
perceived. 
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Fig. 3 GG GTEM field factor measured & calculated 
B. Emission Measurements 
The measurement setup is excited using a continuous-noise 
emitter placed inside a shielded metal box (30x30x15cm). 
Cables are connected to the box via a SMA plug. Power levels 
2010 Loughborough Antennas & Propagation Conference 8-9 November 2010, Loughborough, UK
134

are captured at the cell’s apex via a Spectrum Analyser which 
is controlled by a PC. At each cell, a reference measurement 
consisting of a single wire dropping down from the EUT to 
the floor is used to evaluate the emission levels from the 
bundles. All measurements were conducted using an open-
circuit termination to the cell’s floor in order to represent its 
worst possible emission case scenario. Due to the large 
amount of data, only a sample is shown here (Fig. 4). It was 
found that the peaks observed from the Coil bundle at both 
cells didn’t always agree with their reference wire 
measurements. The In-line Twisted bundle on the other hand 
appeared to have an enhanced performance as most of it peaks 
and signal trends aligned very well with the reference wire at 
both cells. Finally, the Reverse Twisted bundle provided low 
correlations with the reference wire measurements. However 
in terms of emissions, despite the early resonance peaks, it had 
more nulls than peaks as expected owing to its unique design 
geared towards RF invisibility. 
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Fig. 4 Emissions of the In-Line Twisted bundle 
 
C. Repeatability Issues 
The major difference in size between the two GTEM cells 
used (GG & NPL) and consequently, the differences in the 
EUT height attitude will certainty lead towards uncertainties. 
For example, a 3m cable when bundled at GG cell will 
probably need about 7 loops in a Coil bundle whereas in 
NPL’s cell, 4 loops are adequate to stretch the cable from the 
EUT to the ground floor. Such differences in non-bundled 
cable lengths and number of loops in a bundle itself will 
contribute significantly towards repeatability errors, especially 
at high frequency values approaching 1GHz and above. 
Additionally, there a number of other sources that could lead 
to repeatability errors between cells; these are discussed below. 
1)  Field Strengths:  The difference in field strengths of the 
vertical component between the two cells, which in our case 
was about 8dB on average, must be normalised. A correction 
factor can be simply applied to scale the measured data when 
comparing repeatability of two different cell sizes to avoid 
this error, which can be written as, 
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where subscripts 1 & 2 index the two different cells and  
n refers to the number of data points. Using the above 
equation, data from both cells now would have a common 
mean level as shown in Fig.5, which is more appropriate for 
comparison of repeatability levels.  
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Fig. 5 Normalised e0y of GG & NPL GTEM cells  
 
2)  Power Decays: By ignoring free-space-loss inside the 
cell, other power decays do occur inside the GTEM. The 
profiles of these decays also differ from one cell to another 
due to the difference in the GTEM cell’s structure and its 
termination characteristics. A quick immunity measurement 
setup using a field sensor can be used to determine the power 
decays across the frequency range of interest with the input 
power to the GTEM controlled via a PC. In both cells, the 
power losses were found to be reduced with frequency. This is 
basically due to the termination efficiencies of the RF 
absorbers. The GTEM power losses were clearly different in 
both cells which will obviously affect the repeatability results 
with errors up to 6dB. 
 
3)  Position of Cable and Bundles: A primary measure of 
repeatability is to consider bundles to be part of the EUT in 
measurement procedures and consequently for them to be 
placed within the useable test volume of the cell which is 
encompassed by sh32  where sh  is the septum height at the 
centre of the EUT’s position. This simply ensures that what is 
measured is purely from the EUT plus the bundle’s emissions 
without the influence caused by the cell geometrical effects. 
Statistics from measurements not presented here showed a 
40% repeatability improvement between cells with cables 
placed within the useable test volume. 
D. Repeatability Measurements 
With all the mentioned repeatability issues taken into 
consideration the Coil bundle was found to have the lowest 
root-mean-square error (RMSE) values between the two cells, 
that is 6.3; while the the In-Line Twisted and the Reverse-
Twisted RMSE values were 7 and 10.2 respectively. 
E. Cables and Antenna Gains 
Antenna gain, which relates the intensity of the radiation 
pattern in one direction to the intensity that would be 
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produced by a hypothetical isotropic antenna, is one of the 
essential methods for characterizing antennas. By treating 
wires and bundles as potential radiating elements, studying 
their gains across the frequency range becomes vital not only 
for comparison basis, but also for determining any directives 
that could be realized from bundles. Strong directivities and 
high gains will invalidate the GTEM correlation algorithm 
used in the standards [1]. In a an anechoic chamber, 
measuring an antenna’s gain is straight forward by placing it 
in the far-field region and recording its response to a plane 
wave emitted from a known calibrated standard antenna. In 
the GTEM things are slightly different since there isn’t really 
a transmitting antenna. However, by measuring the received 
power relative to that applied at the apex, and by accounting 
for any path and power losses, the gain produced by the EUT 
along with its cables can be determined as follows; since the 
field intensity inside the workable volume of the GTEM cell is 
(almost) constant, the radiated power is given by [12] 
e
G
r AZ
E
P
2
=      (2) 
where GE  is the electrical field inside the GTEM cell, Z  is 
the intrinsic impedance of the medium ( π120 ) and eA  is the 
effective aperture which is related to the antennas directivity 
by 
DAe
π
λ
4
2
=      (3) 
with D  being the antennas directivity. For simplicity, by 
assuming the cell is lossless and highly efficient, the 
directivity in eq. (3) can be replaced by its gain. The electric 
GE   field inside the cell is given by 
h
PZ
E inCG =     (4) 
where CZ  is the characteristic impedance of the cell, inP  is 
the input power applied at the apex and h  is the height 
between the septum and the floor. Combining eq. (2) (3) and 
(4), the radiated power can now be written as 
GP
h
P inr 22
2
6.9 π
λ
=     (5) 
Therefore, the gain in dBi is now simply given by 
GPLinPrPhG +−+−+= 10log1010log1010log2010log208.19 λ
      (6) 
where GPL  is the power decay profile of the GTEM cell. All 
of the non-power variables in eq. (6) represent in fact the path 
loss of the GTEM. By assuming reciprocity of antennas, the 
radiated power in eq. (6) can be replaced by the received 
power in an immunity measurement setup. The outcomes of 
such measurements in GG cell for the 35cm reference wire, 
Coil bundle and the In-line Twisted bundle excited by a PC 
controlled source and a 50 termination are given in Fig. 6. 
Hardly any positive gain values seem to be noticeable below 
0.6GHz which validates some of the assumptions of the total 
radiated power routine in [1]. However, for frequencies above 
0.8GHz this is no more the case as positive gains start to 
quickly exceed a typical dipole gain mark of 2.2dBi which 
indicates rather high directivities of the EUT and its cables. 
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Fig. 6 Cable & bundle gains at GG cell 
 
V. CONCLUSIONS 
 
GTEM cells regardless of their sizes perform in different 
manners depending essentially on their geometrical 
construction and on the type and quality of their low/high 
frequency terminations.  Several measurement precautions 
including characterization of the GTEM cell, field factors, 
EUT’s position and essential data normalization have been 
presented.  For EUT with cables, the Coil bundle was 
observed to provide the lowest repeatability errors. Radiation 
patterns above 0.8GHz were found to exhibit positive gains 
suggesting the possibility of violating correlation routines 
used in the standards.  
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